The Natural Resources Conservation Service (NRCS) defines CT as crop cultural operations that maintain at
for STNO and STCC was comparable, whereas the CTCC system
There are many benefits associated with CT manageproduced about twice as much TD and RD as CTNO. Energy disperment practices. Economic incentives are associated with sive spectroscopy (EDS) analyses showed absolute increases of 8 and reduced fuel, labor, and equipment costs due to fewer 39% organic fragments in STCC and CTCC over STNO and CTNO, field passes. Yields are often comparable with those respectively, while organic fragments in the TD increased by 6% in from conventional practices, and profit margins can be both cover crop treatments. Soil C content was positively correlated increased through reduced operational costs. Reduced with clay content and increased by an average of 0.12 and 0.07% in tillage can limit loss of CO 2 to the atmosphere by prethe cover crop and non-cover crop treatments, respectively, although venting exposure and oxidation of soil organic matter soil C for each treatment showed a distinct response to a field texture (SOM) (Reicosky and Lindstrom, 1995) . Soil properties gradient. While dust emissions show an immediate decrease due to fewer field operations for the conservation tillage treatments, longincluding organic matter content, aggregation, water term sampling is necessary to determine the effects that increased storage, and infiltration can be improved by implementaggregation through organic matter additions may have on dust proing conservation tillage practices (Cambardella and Elduction. liott, 1993, 1994; Ashraf et al., 1999) . Dust production may in turn be reduced by both limiting the number of passes through a field and by changing key soil proper-C onservation tillage practices have seen inties, such as increasing water-holding capacity and agcreased use throughout the United States in recent gregate stability, both due to SOM accumulation. Conyears, especially in the Midwest where wind and water servation tillage has been shown to be effective at erosion are often a problem. The percentage of planted controlling erosion and dust production in the Columbia land in the United States, managed in conservation tillPlateau by increasing surface residue and roughness age, increased from 26% in 1990 to 37% in 2000 (Con-(Stetler and Saxton, 1996) . Management practices such servation Technology Information Center, 2002). In as timing tillage operations to optimize soil moisture California, and especially in the San Joaquin Valley, content (Clausnitzer and Singer, 1996) or modifying one of the world's most productive agricultural regions, equipment (Southard et al., 1997) can also decrease the acreage under CT practices was as little as 16% of dust emissions. total farm acreage in 2002, compared with 41% in the Reducing agricultural dust production has both enviMidwest (Conservation Technology Information Cenronmental and human health implications. Numerous ter, 2002). Implementing CT practices can lead to both studies have linked negative health effects to repeated economic and production quality benefits, as well as exposure to small airborne particulate matter (particuhaving positive environmental impacts (Ashraf et al., late matter Ͻ 10-m aerodynamic diameter [PM10] and 1999; Reicosky and Lindstrom, 1995) . particulate matter Ͻ 2.5-m aerodynamic diameter [PM2.5]) (Pope, 1991; Schwartz et al., 1993) . Diseases sure. Nonallergic responses, such as bronchitis and produced from four different treatments: standard tillage with (STCC) and without (STNO) cover crop, and chronic obstructive airways disease, are generally linked conservation tillage with (CTCC) and without (CTNO) to inorganic dust exposure from agricultural sources cover crop. These studies constituted a portion of a (Schenker, 2000) . In 2002, only 1 of the 58 California larger project whose goals were to compare conservacounties was in compliance with state air quality stantion and standard tillage in terms of farm productivity dards for PM10 (California Air Resources Board, 2003) . and profits, soil water storage and crop water availabilIn the San Joaquin Valley, a prominent agricultural ity, pest and crop management requirements, dust proregion, many of the airborne particulates may be associduction, and soil quality indicators. ated with agricultural practices including tilling, disking, and cultivating. These practices have recently (as of MATERIALS AND METHODS January 2004) become subject to air pollution standards by the California Air Resources Board (2004).
The field study site (Fig. 1) We compared the quantity and composition of dust roues, 2000) was dedicated to the project, and a uniform barley (Hordeum vulgare L.) crop was grown over the entire field before the commencement of field treatments. The field was divided into two halves; a tomato-cotton rotation was used in one half, and a cotton-tomato rotation was pursued in the other half. Management treatments of standard tillage without cover crop (STNO), standard tillage with cover crop (STCC), conservation tillage without cover crop (CTNO), and conservation tillage with cover crop (CTCC) were replicated four times on each half of the field (Fig. 1) . The cover crop was a mixture of triticale (Triticosecale), rye (Secale cereale L.), and vetch (Vicia sativa L.). The standard tillage operations attempted to follow as closely as possible common local practices, including fall bed preparations such as disking, chiseling, bed listing, and power incorporating, used by farmers in the vicinity of the field station. Farms in the area are typically large-acreage family farms with an average size of about 3200 ha (Mitchell et al., 2001) . Common crops include cotton and minimize soil disturbances and to create dedicated traffic lines to reduce soil compaction. Conservation tillage beds created for particle size analysis and carbon content were collected at the start of the project were left intact after each growing each fall and spring from the center of each treatment plot at season, as opposed to ST beds, which were destroyed and two depths, 0 to 15 cm and 15 to 30 cm. Particle size distribution reformed each year.
was measured by the pipette method (Jackson, 1975) on each Dust samples were collected during every field operation 0-to 15-cm soil sample. Aliquots of the Ͻ2-and Ͻ10-m with portable battery-powered vacuum pumps manufactured fractions were obtained from each sample, which were then by Gilian (Wayne, NJ). One pump per sample (except for subjected to treatments of K and heating to 350 and 550ЊC, disking 19 and 20 Oct. 2000, which had two pumps per sample) and Mg and Mg plus glycerol. Patterns of XRD for the Ͻ2-was placed at a constant location on each field implement in and Ͻ10-m fractions of the soil were obtained on a Diano the plume of dust generated by the implement. Pumps were (Medford, MA) 8000 diffractometer using Cu K␣ radiation. calibrated with a flow meter before and after sampling to Dust elemental analysis was obtained on a FEI XL30-SFEG ensure uniform pump flow and operating conditions. Total high-resolution scanning electron microscope with an EDAX dust (TD, Ͻ100-m aerodynamic diameter) and respirable (Hillsboro, OR) Phoenix energy dispersive X-ray spectrosdust (RD) samples were collected during tillage from each copy (EDS) system, capable of analyzing for elements of plot on preweighed PTFE (polytetrafluoroethylene; Teflon) atomic number 6 (C) and greater. Particle counts were obmembrane filters at a flow rate of 2.2 L min Ϫ1 . The RD samples tained from the EDAX software by automated comparison were obtained using a cyclone (BGI Incorporated, Waltham, and manual verification of particle EDS spectra to a mineral MA) in which the particles smaller than 4 m were kept library generated by Rebecca Domingo-Neumann at UC suspended while the larger particles settled out and were not Davis (unpublished data, 2002 Davis (unpublished data, -2003 . Total C analyses of soil sampled (Fig. 2) . The samplers were attached to each field samples were performed on a Carlo-Erba (Milan, Italy) 1500 implement about 0.4 m above the ground surface, with the C/N analyzer. exception of the cotton harvester samples, which were placed An analysis of covariance (ANCOVA) model in SAS statisat approximately 2 m above the ground. Sampling duration tical software (SAS Institute, 2004) using standard least was noted for each measurement so that the concentration of squares regression was used to predict TD and RD concentradust measured could be calculated, thus allowing dust productions from six factors: tillage treatment (STNO, STCC, CTNO, tion from the tillage systems and different operations to be or CTCC), operation (e.g., disk, chisel, plant cover crop), crop compared. Our results reflect in-the-field dust concentrations rotation (cotton or tomato), soil moisture, clay content, and and cannot be used directly to indicate PM concentrations a tillage-by-operation interaction. All data were log-transrelative to USEPA air quality standards (USEPA, 2002) . Soil formed to correct for a non-normal distribution, then backsamples for field water content were taken at each dust samtransformed after analysis to obtain an adjusted mean and pling occasion from a depth of 0 to 15 cm near the center 95% confidence limits. Comparisons of adjusted dust measureof each treatment plot. Gravimetric water content ( g ) was ments were made using a Student's t test. determined after oven-drying at 105ЊC. Weather data (temperature, precipitation, wind speed and direction, and relative Dust concentrations, in the field, for the four treatments (STNO, STCC, CTNO, and CTCC) are summafactors in the model. For respirable dust, each factor, rized in Table 2 (total dust) and Table 3 (respirable except for clay content and the tillage-by-operation indust). All treatments received one complete cottonteraction, was significant at the 0.05 confidence level.
RESULTS AND DISCUSSION
tomato rotation. Dust concentrations depended on the The model fit was highly significant for both TD and type of operation and environmental conditions. Wind RD; the null hypothesis that dust concentration was speed was relatively constant, with speeds of 1.8 m s
Ϫ1
independent of the model factors was rejected in both or less on all sampling dates, as measured at the Five cases.
Points CIMIS weather station. Wind direction was genCumulative dust concentrations for each of the treaterally from the northwest. Since the samplers were ments were calculated by summing the nonadjusted placed directly in the dust plume generated by the implemean values of all operations contributing to a particular ment, and samples were collected for the entire duration treatment over a complete cotton-tomato rotation. Toof the operation on the plot, the low measured wind tal dust concentrations were 2716 g L Ϫ1 for STNO, speeds should have had little effect on variations in 2637 g L Ϫ1 for STCC, 921 g L Ϫ1 for CTNO, and 1643 the amount of dust collected among treatments and g L Ϫ1 for CTCC. Cumulative respirable dust concensampling days. We did not measure atmospheric instatrations were 450 g L Ϫ1 for STNO, 422 g L Ϫ1 for bility and did not attempt to relate our measurements STCC, 159 g L Ϫ1 for CTNO, and 314 g L Ϫ1 for CTCC. to ambient air quality standards for locations downwind Statistical analyses could not be performed for these data because in taking the mean for each operation of the field. The relative values of the measurements are useful for comparison purposes among treatments cumulative dust production over the two-year rotation, CTNO produced about one-third the TD and RD of or operations, and should not be greatly affected by variations in atmospheric stability among sampling STNO; CTCC produced about two-thirds the TD and three-fourths the RD of STCC. The major reductions dates since the samples were collected directly in the dust plume generated by the implement. Soil moisture in dust production for the CT treatments originated from limited preplanting bed preparation operations content ranged from 0.01 to 0.22 g H 2 O g Ϫ1 soil, and varied with season, time to last irrigation, clay content, (no bed preparation for CTNO), elimination of the two dustiest operations (disking and power incorporating), and treatment. Each moisture measurement was associated with a specific dust measurement and sampling and limited in-season cultivation. Harvest and planting operations together produced similar dust concentradate and was accounted for in the ANCOVA model. tions for all treatments except CTNO, which produced about half as much dust. The major difference between
Tillage System Effects (Standard vs. Conventional Tillage)
CTNO and CTCC was in bed preparation, which involved planting and chopping the cover crop for CTCC. The CT treatments produced much less dust comWhen comparing operations that were common to all pared with ST treatments due to a decreased number four treatments, two of the operations, cultivating tomaof field operations. The CTNO treatment used the fewtoes and transplanting tomatoes, yielded increased total est field operations and produced the least dust. For dust concentrations for the CT treatments. These operations disturb the soil surface, and the increase compared with ST may be due to the large amount of surface these instances, organic matter may constitute a large fraction of the dust mass (Table 4) . Another operation
Percent organic fragments
common to all treatments, the cotton harvest, which did concentrations for all treatments. cover crop in STCC may aid in stabilizing soil structure Inorganic constituents were a mixture of mostly layer silicates (Fig. 4) with some feldspar and quartz. Both by the addition of SOM. Conservation tillage with cover crop produced twice as much dust as CTNO. Much of cover crop treatments had relative increases in organic fragments of about 6% over corresponding non-cover this can be accounted for in the fall cover crop planting and management operations, but many of the operacrop treatments in the TD. In the RD fraction, STCC showed an 11% absolute increase in organic fragments tions common to both CTNO and CTCC produced more respirable dust in CTCC. This may be due to the incompared with STNO, while CTCC showed a 44% absolute increase over CTNO. The cover crop was incorpocreased organic component of the dust for CTCC (Table 4) . rated into the soil in the STCC treatment, but it was left as surface residue in the CTCC treatment. This Cover crop treatments significantly increased the proportion of organic fragments in the dust (Table 4, Fig. 3) .
may account for the difference in increases in organic fragments between NO and CC treatments for the ST electron (BSE) images and particle identifications from the STNO and CTCC treatments, with accompanying and CT systems. Conservation tillage with cover crop had the highest percentage of organic fragments of all spectra for a layer silicate (Fig. 4a) and an organic fragment (Fig. 4b ) from the CTCC sample. Although the treatments in both TD and RD, with 20 and 49% organic particles in the TD and RD, respectively. Figures 3a health implications of an increased organic constituent in the dust are not clear, the increased organic matter and 3b show examples of respirable dust back-scattered the ANCOVA analysis showed that texture had relatively less effect than operation or treatment on dust production.
We observed trends in total soil C percentage with the field texture gradient at 0 to 15 cm for all sampling dates. Soil C contents were higher at the south end of the field, which had higher clay percentages. This trend was observed for pooled data over all the treatments (not shown), but was more pronounced when the treatments were separated (Fig. 6) . From November 1999 to November 2001, soil C content increased for both cover crop treatments, but the slope of the trend lines changed. Statistical analyses (JMP statistical software; SAS Institute, 2004) illustrate that year and clay content were significant predictors of carbon content at the 0.05 confidence level (Table 5 ). Although not significant at the 0.05 level, p values for the comparison of the slopes of the 1999 and 2001 trendlines indicated that the slopes for the STCC, CTNO, and CTCC treatments were changing with time. In fall 1999 (baseline sampling), may lead to an increased allergenic response in agriculeach treatment showed a fairly uniform distribution of tural workers (Schenker, 2000) .
soil C across the field. In fall 2001, STCC showed the smallest difference in percent C across the field, perhaps
Mineralogy
because the incorporation of large amounts of cover X-ray diffraction data (not shown) indicated similar crop material resulted in a higher overall C content, mineralogy across the field, consistent with the source of which masked the effects of clay content. In the CT mixed alluvium, mostly from the central Coast Ranges.
treatments for fall 2001, the slopes of the trend lines Diffractograms of TD and RD (not shown) also indiwere steeper, indicating a greater disparity among percated similar mineralogy to the source soil, analogous cent C across the field. The decreased disturbances for to the results obtained by Clausnitzer and Singer (1999) , CT compared with ST may have accentuated the effects who demonstrated that the mineralogy of the RD fracof the clay content's influence on percent C since organic tion collected in the field was virtually identical to the matter was left as surface residue and not incorporated. Ͻ10-m fraction of the source soil, and that no signifiIncreased C in the STNO treatment was attributed to cant sorting of the particles occurred while suspended.
crop residues incorporated after harvest and greater biomass production in cotton and tomato crops than in
Soil Carbon and Texture Effects
the previous fallow cycle; the slope of the trend line did not change. Increased soil C in the cover crop treatments Soil particle size analysis showed a distinct texture was reflected in the increased percentage of organic gradient, plotted as the percent clay-sized particles, from fragments from EDAX particle counts of the dust samsouth to north across the field (Fig. 5) . Textures varied ples from these treatments (Table 4) . Leaving the cover from clay loam (32% clay, 33% silt, 35% sand) at the crop as surface residue versus incorporation into the south end (13 m) to sandy clay loam (23% clay, 23% soil may have had an effect on the percentage of organic silt, 54% sand) at the north end (360 m). Although the fragments in the dust; incorporation of residue may stasoil is mapped as Panoche clay loam, our data indicated bilize and protect particulate organic matter and lead a variation from the named soil phase within the field to increased aggregate stability (Baker, 2004) . and demonstrate the natural variability inherent in soils In summary, both total and respirable dust concentraat this level of mapping. The texture gradient across the tions, in the field, were significantly reduced in the confield complicated our interpretation of the soil properservation tillage treatments compared with standard tillties-dust production relationship somewhat, since soil age, mainly due to fewer in-field operations. There was texture is a major factor determining many soil properan increased organic constituent in the respirable dust ties. Porosity, water-holding capacity, aggregation, orin the cover crop treatments. The potential health effect ganic matter content, and the proportion of particles of increased organic matter in the dust is not known, that are of "dust" size (Ͻ100 m for TD and 4 m for although there may be the potential for increased aller-RD) are all related to particle size distribution. Research gic responses in agricultural workers (Schenker, 2000) . by Carvacho et al. (2001) indicates that clay content Thus, some benefits of reduced dust by the CT approach (Ͻ2-m diameter), rather than sand or silt content, promay be offset somewhat by an increased organic fraction vides the best indicator of the potential of the soil to in the dust from the CC treatment. We did not measure produce PM10 dust in the San Joaquin Valley. Nonethe-PM10 or PM2.5 at locations upwind or downwind from less, the textural gradient does not affect our interpretaour field sites, so the effects of the CT systems on ambition of the cumulative dust production from the tillage ent air quality in relation to USEPA air quality stansystems since all combinations of treatments occurred across the field during the crop rotation. Additionally, dards are not completely clear. Nonetheless, it is reason- 
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determine the effects of changes in dynamic soil properties, such as soil aggregation and SOM content, on dust production. 
